White blood cell count (WBC) is an important clinical marker that varies among different ethnic groups. African Americans are known to have a lower WBC than European Americans. We surveyed the entire genome for loci underlying this difference in WBC by using admixture mapping. We analyzed data from African American participants in the Health, Aging, and Body Composition Study and the Jackson Heart Study. Participants of both studies were genotyped across R 1322 single nucleotide polymorphisms that were preselected to be informative for African versus European ancestry and span the entire genome. We used these markers to estimate genetic ancestry in each chromosomal region and then tested the association between WBC and genetic ancestry at each locus. We found a locus on chromosome 1q strongly associated with WBC (p < 10 À12
Introduction
Peripheral white blood cell count (WBC) is a common clinical measurement, used to determine evidence of acute inflammation or infection. Peripheral WBC is the sum of several cell types including neutrophils and lymphocytes, which are the most common types of WBC, as well as less common cell types such as eosinophils, basophils, and monocytes. Elevated WBC has been associated with risk of coronary heart disease, 1 cancer, 2 and all-cause mortality. 3 White blood cell levels have widespread clinical applications including assessment of patients undergoing chemotherapy 4 and evaluation of infection. 5 Peripheral WBC is known to vary among different racial and ethnic groups. WBC is lower among African Americans when compared to European Americans 6, 7 (NEUTRO-PENIA, CHRONIC FAMILIAL [MIM %162700]). Nongenetic factors that influence WBC include smoking, socioeconomic status, systemic inflammatory diseases, and acute infection. 8, 9 However, the difference in WBC between racial and ethnic groups has not been explained by any of these factors. In addition, some studies have demonstrated a familial component to variation in WBC. 10 Admixture mapping is a technique for localizing genetic variants in recently mixed populations 11 in which linkage disequilibrium (LD) extends tens of megabases because the chromosomes have not had much time to break up by recombination. 12, 13 The extended LD implies that in populations like those of African Americans, whole genome association studies are possible with 1,000-2,000 markers. 14, 15 Admixture mapping in African Americans has already identified putative loci affecting hypertension, prostate cancer, multiple sclerosis, and serum inflammatory markers. [16] [17] [18] [19] [20] [21] We studied variation in WBC among participants in the Health, Aging, and Body Composition study (Health ABC). We first compared WBC among African Americans and European Americans in the study and thus confirmed a significant difference. We then used ancestry informative markers to estimate the individual ancestry of the African Americans in the study and demonstrated that there was a significant association of low WBC with a higher proportion of African ancestry. Finally, we utilized an admixture mapping approach to identify a novel locus that influences WBC levels, which we also independently identified in a separate admixture scan in the Jackson Heart Study (JHS). The peaks of association in both studies localize to a region~0.9 Mb centered on the Duffy Antigen Receptor for Chemokines gene (DARC [MIM 110700]).
Subjects and Methods

Description of the Health, Aging, and Body Composition Cohort
Health ABC is a cohort of 3075 community-dwelling men and women between the ages of 70-79. The participants in the Health ABC study were recruited from among Medicare beneficiaries residing in the metropolitan areas of Pittsburgh, PA, and Memphis, TN, and were selected to have high functional status at baseline. This study focuses on the African American subset of Health ABC. The clinical collection and genetic analysis for the Health ABC study has been approved by the institutional review boards of the University of Pittsburgh, the University of Tennessee, Memphis, and the University of California, San Francisco.
Genotyping
Within the Health ABC population, 1281 participants identified themselves as African American. From this subsample, 1184 participants were genotyped at the Broad Institute at 1536 single nucleotide polymorphisms (SNPs) with whole-genome amplified DNA and an Illumina BeadLab platform. 22 Details of the genotyping for this experiment are described by Reich et al. 19 After quality checks, including the requirement that at least 85% of SNPs were successfully genotyped for each sample and that none of the SNPs were in linkage disequilibrium in the ancestral populations, 201 SNPs were excluded. The physical genome positions used in this study are based on build 35 of the public genome reference, and the genetic positions are based on the Oxford high-resolution map.
23,24
Health ABC Samples Used in Admixture Scanning
A total of 863 African Americans and 1339 European Americans from Health ABC were used in the analysis. Included in the analysis were participants with WBC who were within two standard deviations of the population mean and who also had information on all relevant covariates. For ANCESTRYMAP analyses, we identified 216 cases in the highest quartile of WBC levels and 216 controls in the lowest quartile of WBC levels. Related participants were not included in the admixture scan.
Phenotypes Used in the Analysis
The phenotype we studied is total white blood cell count (WBC) measured on a Coulter counter and expressed in terms of thousands of white blood cells per microliter. This measurement was taken at the third year of the Health ABC clinic visit. No differential counts were available for Health ABC.
Covariates included gender, age at enrollment in Health ABC, smoking status (from the year 3 exam), Health ABC study site (Memphis or Pittsburgh), and percentage of European ancestry. Gender, age, and smoking status (current or nonsmoker) were all self-reported. The percentage of European ancestry was estimated for each individual on the basis of the STRUCTURE software. 25 A larger set of covariates initially examined in analyses also included body-mass index, socioeconomic status, self-reported comorbidity, medications (for cancer, hypertension, hypercholesterolemia, and diabetes), recent hospital stay, alcohol consumption, and physicalactivity levels; these factors were not significant in models that included an association to our genomic region of interest, and so in what follows, we do not report analyses including any of these factors.
Admixture Scan
We used STRUCTURE, ADMIXMAP, and ANCESTRYMAP to perform admixture mapping analyses. We used STRUCTURE 2.1 25 to obtain locus-specific ancestry estimates, by using the ''linkage'' model within STRUCTURE to obtain multilocus estimates of genetic ancestry in each region. This program utilizes an expectation maximization algorithm within a Bayesian Markov Chain Monte Carlo (MCMC) to calculate probabilities that a particular genotype or group of genotypes derive from a particular ancestral population. 26 Ancestry is output as a probability per locus as well as an overall estimate for each individual. We calculated the percent ancestry at each locus for each individual based on the probability of 0, 1, or 2 European chromosomes across 2500 iterations of the MCMC, with a burn-in period of 500 iterations. We used linear regression models to test for the association of the locus specific ancestry from STRUCTURE and the WBC outcome, adjusting the models on the basis of the covariates of genome-wide ancestry estimate, study site, smoking status, gender, and age. This analysis provided us with an output of T statistics and p values. We also used the program ADMIXMAP v.3.5.3. 27 ADMIXMAP uses a similar MCMC algorithm as STRUCTURE to model probability distributions conditional on genotype, phenotypic values, and a priori ancestral genotype frequencies. 28 In our ADMIXMAP runs, we adjusted for study site, individual ancestry, locus-specific ancestry, smoking status, gender, and age over 2500 MCMC iterations, with 500 burn-in iterations. The models from ADMIXMAP calculate results in terms of standard normal Z statistics and p values. We finally used the ANCESTRYMAP software, which also uses a MCMC-based methodology. 12 ANCESTRYMAP is optimized for dichotomous phenotypes, and so we did not perform a quantitative trait analysis on all samples with this software. After removing individuals with WBC greater than two standard deviations from the mean, we designated all individuals with WBC values in the highest quartile to be cases, and all individuals with WBC in the lowest quartile were assigned to be controls; this totaled 437 participants for analysis. We tested risk models of 1.1, 1.3, 1.5, 1.7, 1.8, 2.1, 2.4, 2.7, and 3.0 for cases, and 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, and 0.4 for controls. To accumulate evidence of association in these models, we averaged the Bayes factors emerging from each model at each point in the genome, taking the log-base-10 of this number to produce a LOD score. As reported in Reich and Patterson (2005) , a LOD score for association at a particular locus of >5 is approximately genome-wide significant. 29 To obtain a formal assessment of statistical significance on a genome-wide level, we calculated an additional statistic that averaged the risks specified in the models as genome-wide Bayes factors and took the log-base-10; a value >2 indicates statistically significant association to the phenotype (we report a genome-wide Bayes factor of a LOD score of~6.2). 12, 29 We ran ANCESTRYMAP for a burn-in period of 100 iterations with 200 follow-on iterations, which yielded almost identical results to runs with 200 iteration burn-in and 500 follow-on iterations. To calculate the 99% confidence interval for the position of the disease locus once we found an association, we first summarized the evidence for association by taking the sum of the likelihood ratios across the entire locus. Then, starting at the peak of the locus, we moved in both directions until the region included 99% of the value of the sum. This corresponds to a LOD score decrease of 2.2.
Independent Detection of Admixture Association in the Jackson Heart Study
We independently carried out an admixture scan for variants affecting WBC in African Americans from the Jackson Heart Study (JHS), 30 a community-based cohort of men and women ages 21-84 from three counties surrounding Jackson, Mississippi. To carry out a whole genome admixture scan on these samples, we used the Illumina BeadLab technology 22 and an updated version of the panel of 1536 markers that had been studied in Health ABC. The SNPs used in our final analyses included those that were typed in both the Health ABC and JHS panels. These two SNP panels are highly comparable because the updated JHS panel includes all of the SNPs from the Health ABC panel that had passed necessary quality-control measures in both studies. A complete list of SNPs used is included in Table S1 available online. A total of 4581 individuals were successfully genotyped. We restricted the present analysis to one randomly chosen individual from each family in JHS to remove related individuals who could confound analyses. We also excluded individuals with WBC greater than two standard deviations from the mean (the same procedure that was used to prepare the Health ABC data set). These exclusions resulted in a final analysis population of 2846 participants from the JHS cohort. For ANCESTRYMAP runs, we identified 775 cases in the top quartile of WBC levels and 775 controls in the bottom quartile of WBC levels. Replication of the STRUCTURE and ADMIXMAP analyses from Health ABC were also later carried out in the JHS cohort with the same covariates (see Table 2 for a comparison of results).
Results
High WBC Levels Are Associated with European Ancestry
There is a significant difference (p < 10 À12 ) in mean WBC between African Americans and European Americans in the Health ABC study ( Table 1 .
Admixture Mapping to Search for Loci Affecting WBC Levels
We used three methods to screen for loci affecting WBC levels. By using the locus-specific ancestry estimates from STRUCTURE, we found a strong association between a locus on chromosome 1 and WBC ( Table 2 ). The strongest associations were between 152.72 Mb and 158.68 Mb with the strongest single association at rs2817784 at 155.99 Mb (p < 10 À12 ). We found very similar results by using the program ADMIXMAP (Table 2) . These results from STRUCTURE and ADMIXMAP were similarly replicated within the JHS cohort using identical analytic methods ( Table 2) . We also used the program ANCESTRYMAP to search for associated loci. Significant scores for the genotype-phenotype association with ANCESTRYMAP were found on chromosome 1 in the same region ( Figure 2 ) (LOD score of 13.4). No score of greater than LOD 2.2 was observed elsewhere in the genome. The 99% confidence interval of 153.98-158.39 Mb includes rs2814778 and none of the other SNPs in our scan (Figure 3 ).
Independent Admixture Association in the Jackson Heart Study
We next carried out a screen for loci affecting WBC levels in the Jackson Heart Study. With this larger sample size, we obtain a score for association of LOD ¼ 96.8, centered at rs2814778. This result far exceeds the threshold of LOD~5 for statistical significance. The 99% confidence interval for the position of the disease causing variant is 900,000 bp in this study, spanning 155.46-156.36 Mb. In both data sets, a single SNP, rs2814778, is at the center of the peak, and the posterior probability distribution excludes the neighboring SNPs as consistent with explaining the peak (rs11264422 at 152.72 Mb and rs1962508 at 158.68 Mb; see Figure 3 ). White blood cell measurements in thousands/ml are shown. White blood cell count differences between genders are not significant, although differences between African American and European American Health ABC participants were significant as evaluated by t tests (p % 10 À12 ). All extreme statistical outliers were removed.
Effect at rs2814778, the DARC Gene The SNP in our scan that gives the strongest association is rs2814778 at 155.99 Mb on chromosome 1. This is a SNP in the DARC gene that is known to eliminate expression of the Duffy blood group antigen (FYþ or FYÀ). 31 This is one of the SNPs in the genome with the largest allele frequency difference between West Africans and European Americans. It has been hypothesized that this is due to the null allele conferring protection to malaria in West Africans. 32 However, there has never been any suggestion that it affects WBC levels as well.
We next tested whether African Americans who are homozygous for the functional allele at this SNP (the one more common in Europeans) have a WBC level comparable to that in Europeans (see Table 3 ). African Americans who are homozygous for the functional allele have mean WBC of 7.1 k/ml, significantly higher than in European Americans (t test, p ¼ 0.009). Thus, this SNP is, by itself, sufficient to account for the difference in WBC levels across populations and explained 20.4% of the variance in WBC among African Americans.
We finally sought to determine whether there is evidence of residual association with any other SNPs in the region after adjustment for the rs2814778 genotype. Regression models adjusted for SNP rs2814778 indicate that the flanking SNPs show marginal association with WBC at best (p ¼ 0.07). Further mapping is necessary to test whether the FY-variant itself is causative or whether other variants in the~0.9 Mb confidence interval might be responsible for some or all of the effect.
Discussion
We utilized a genome-wide admixture scan to localize on chromosome 1 a region that affects baseline WBC among African Americans. We found a remarkably strong association between African ancestry at this region and lower WBC. At least one genotype at this locus explains~20% of the variance in baseline WBC among African Americans, indicating the presence of a genetic variant with a profound influence on WBC. After adjustment for ancestry at this locus, there is no association between overall SNPs were tested so that association of loci with WBC in both studies could be evaluated. SNPs less significant than p < 1 3 10 À5 or LOD < 5 have been omitted; 95% CI for associations with WBC are in the shaded area. Significance levels indicated by *p < 10
À5
; **p < 10 À9 ; and ***p < 10
À12
. Only SNPs used in both Health ABC and JHS were reported in the table; 95% CI for associations between SNPs and WBC is denoted by shaded area. European ancestry and higher WBC among African Americans; this locus appears to explain most (possibly all) of the difference in mean WBC between individuals of African and European ancestry. All 3 statistical programs used (ADMIXMAP, STRUC-TURE, and ANCESTRYMAP) demonstrate a very strong association at rs2814778. It is difficult to directly compare the significance values from the three programs because each program calculates a different statistic for association. In addition, our analysis with ANCESTRYMAP is not directly comparable to the others because it was restricted to individuals with the most extreme phenotypes. To compare the significance levels from the different methods by using p values, we need to rely on the assumptions used to derive p values from the statistics for each distribution. However, for each analysis, the peak represents such an extreme outlier in the distribution that it is unclear whether the assumptions used to approximate p values are appropriate for comparison across the unique distributions used in the calculations carried out by the different analysis packages. Thus, throughout the paper, we report p < < 10 À12 for extremely significant results, rather than trying
to provide a precise p value. The signal for association with WBC is very strong. In the JHS study, we are able to narrow the 99% confidence interval to a~0.9 Mb region in the q terminal arm of chromosome 1 from 155.46-156.36 Mb in Build 35 of the reference sequence. The region is centered on SNP rs2814778, known to be within the DARC gene. 31 Additional studies with more markers should be able to determine whether this SNP is actually causal. Although an effect of the FY variation on WBC has never previously been suggested, the known biology at the DARC locus is consistent with it affecting levels of WBC. Other studies have suggested that production of arginine 91 at this locus might influence leukocyte activity in nitric oxide metabolism in the lungs. 33 Duffy antigen null (FYÀ) mice have been shown to have attenuated recruitment of neutrophils into the lungs. 34 It is biologically plausible that the DARC gene is involved in leukocyte recruitment, most probably related to its function of chemokine-receptor binding and leukocyte trafficking. The presence of the FYÀ allele of this SNP has been shown to alter the expression of Duffy antigen on red blood cells and thus render individuals homozygous for this allele resistant to infection from Plasmodium vivax malaria (malaria, susceptibility to [MIM #611162]), which uses the Duffy antigen as a receptor. 32, 35 Haplotype diversity studies suggest a history of natural selection at this locus, consistent with its protective effect from malaria infection. 36 There is no statistical association between rs2814778 and red blood cell count, therefore allowing us to conclude that this association is not directly a result of generalized bone-marrow function but is specific to WBC. Variation in baseline WBC is perhaps most clinically relevant as a factor in clinical decision making. Clinical studies would be needed to determine whether knowledge of genotype leads to any more useful clinical assessments or outcomes. Variation in WBC is often a determinant of dosing of cytotoxic therapies such as chemotherapy or therapy for autoimmune diseases. 37 Ranges of the expected baseline WBC in individual patients could be inferred genetically in African Americans by genotyping rs2814778 and might help clinicians titrate the dose of these drugs in a more individualized way. Further work on this locus should allow for the identification of the causative variant(s) underlying the phenotype and shed light on their biological and clinical implications.
Supplemental Data
One table is available at http://www.ajhg.org/cgi/content/full/82/ 1/81/DC1/.
